The current trend to treat hypotension in critically ill patients is to place a greater emphasis on inotropic support and less on fluid resuscitation in order to limit the potential harm from fluid overload. This combination may trigger left ventricular outflow tract obstruction (LVOTO) in susceptible patients. Although LVOTO is classically described in patients with hypertrophic cardiomyopathy it has been reported in other conditions including septic shock, apical ballooning syndrome, myocardial infarction, respiratory failure, and post valvular surgery. It is more common in the elderly, females, and in patients with hypertension, diabetes, and chronic vascular disease because of predisposing anatomical conditions such as left ventricular hypertrophy, small left ventricle size, sigmoid septum and alterations in the positions of the aortic and mitral valve annular planes. The onset of LVOTO is largely unpredictable due to a complex interplay between preload, afterload, heart rhythm and rate in susceptible patients. The consequences of missing this treatable condition may lead to life-threatening hypotension refractory to, or exacerbated by, a further increase in inotropic support. Dynamic LVOTO should be considered in any hypotensive intensive care patient. Echocardiography is perhaps the best tool to assess LVOTO and its underlying pathophysiology in the critically ill. Detection of LVOTO is a relatively simple task using a combination of two-dimensional, M-mode and spectral Doppler imaging by an operator alert to the possible diagnosis.
Introduction
Hypotension is a common occurrence in intensive care patients. Most clinicians respond by administering intravenous fluid for presumed intravascular volume deficit, followed by a vasoactive infusion, as recommended by the International Sepsis guidelines 1 . The risks associated with excessive fluid administration, however, have recently been highlighted 2, 3 . The likely reaction to these concerns by clinicians is a reduction in the amount of intravenous fluid administered, resulting in diminished left ventricular preload and increased use of vasopressor support in some patients. The inotropic effects of most vasopressors and the stress of critical illness in the setting of a low intravascular volume state may provoke dynamic left ventricular outflow tract obstruction (LVOTO) in susceptible patients [4] [5] [6] [7] . Like others, we have recently noticed an increased number of patients with LVOTO seen on echocardiograms performed in the intensive care unit 8 . Unrecognised LVOTO may lead to a spiral of inappropriate vasopressor/inotrope use resulting in severe hypotension, collapse and death. The purpose of this review is to alert clinicians to the phenomenon of LVOTO in the critically ill by outlining the various mechanisms and contributing factors. A salient point is that a structural anatomical condition predisposing to LVOTO can enable an acute pathological state to accentuate the underlying susceptibility to LVOTO and low cardiac output. While some patients may present with specific conditions well known to predispose to LVOTO such as hypertrophic cardiomyopathy, others, like the elderly, have more subtle conditions prone to LVOTO in the context of acute pathologies such as vasodilation. In many patients the onset of LVOTO is unexpected and gradients can vary significantly over a short period of time [9] [10] [11] . Given its unpredictable nature, the presence of dynamic LVOTO in a hypotensive critically ill patient should always be considered, particularly in view of the recent changes in clinical practice that may lead to reduced intravascular volume and increased use of vasopressors.
hypotension. The major tool for the assessment of LVOTO, however, is echocardiography, an investigation increasingly available in critical care areas. LVOTO may be first seen on two-dimensional imaging with turbulence visible on colour Doppler ( Figures 1A and 1B ). Spectral Doppler signals allow ready quantification of left ventricular outflow tract (LVOT) gradients 11, 14, 15 . The simplified Bernoulli equation converts velocity (V) to a pressure gradient (∆P) by ∆P = 4V 2 . The velocity can be obtained by directing the continuous wave Doppler (CWD) ultrasound beam along the LVOT in parallel with the blood flow in the apical five chamber and/or three chamber views. Patients with no LVOT obstruction and with normal aortic valves have the highest flow velocity at the level of the aortic valve (usually <1.7 m/s at rest, however not considered stenotic until peak velocity across the aortic valve exceeds 2.5 m/s) 16, 17 . In the presence of a fixed obstruction such as aortic stenosis the orifice shape and area is constant during ejection, resulting in a high amplitude spectral Doppler waveform. The outflow velocity is uniformly higher than normal, however the flow acceleration has the normal convex forward profile 16, 18 . In comparison, the spectral Doppler waveform in dynamic LVOTO is characterised by a late peaking or dagger shape pattern ( Figure 2A) 16, [19] [20] [21] . The late acceleration of forward flow is described by a concave CWD forward velocity profile, which may alert the clinician to the patient's susceptibility to LVOTO, particularly when inotropes are employed in the setting of a low volume state.
Pulsed wave Doppler (PWD) is used to locate the position of an obstruction at the LVOT, aortic valve or the mid-ventricular level ( Figure 3 ). The accuracy of echocardiographic image acquisition and measurement is, however, operatordependent and subject to inaccuracies (for example when the Doppler beam is poorly aligned with the axis of the blood flow vector) 16, 22 . On the other hand, dynamic LVOTO may come and go during the course of one assessment ( Figure  2B ) 9 . Fixed and dynamic obstruction may even co-exist, which will be reflected in the recorded spectral Doppler waveforms that can have both symmetrical and dagger-shaped patterns superimposed. Furthermore, care must be taken to identify any spectral Doppler signal from associated mitral valve regurgitation, which may appear superimposed onto the dagger-shaped LVOTO spectral Doppler waveform ( Figure 2C ).
In the next section we will discuss the normal blood flow through the LVOT, followed by an overview of asymmetrical hypertrophy and systolic anterior motion of the mitral valve (SAM), which are the main conditions necessary to understand outflow tract obstruction at the base of the left ventricle (LV). We will then summarise the main predisposing anatomical factors and pathological conditions that make SAM and LVOTO more likely to occur 23 .
Normal left ventricular blood flow
Both magnetic resonance imaging (MRI) and contrast echocardiography studies are contributing to an increase in the understanding of normal left ventricular flow patterns [24] [25] [26] [27] [28] . MRI shows the normal direction of systolic flow to be slightly curved to the right as the axis of the aorta is at a slight angle to the ventricle 27 . Contrast echocardiography has also mapped the flow vector from apex to outflow tract and the relatively undistorted flow vector into the LVOT, slowing before traversing the aortic valve 26 . The developing pressure in the LVOT pushes the mitral valve leaflets away from the ventricular septum in systole ( Figure 1C and 1D ). At the end of diastole, the predominant flow vector within the LV can affect the direction of flow towards the LVOT in early systole. MRI and contrast echocardiography have demonstrated the presence of diastolic vortices associated with mitral valve closure. The formation of elliptical pulsatile vortices has been demonstrated during diastole within the normally functioning LV. This flow pattern may encourage subsequent systolic flow towards the LVOT by preserving the incoming blood flow momentum created by atrial systole, thus enhancing the flow redirection toward the aorta. In patients with left ventricular failure, the diastolic flow vortices appear to be spherical and less pulsatile which may have the potential to impair the normal systolic flow pattern 26 .
Pathophysiology

Asymmetrical septal hypertrophy
Dynamic LVOTO may be induced when the basal septal wall bulges in systole to become significantly thicker than the rest of the LV. Asymmetric left ventricular hypertrophy (LVH) has been defined as a septal to posterior wall thickness ratio >1.3 and can affect the septum predominantly at the base or at mid-cavity level 29, 30 . Significant basal septal hypertrophy reduces the LVOT diameter forcing the systolic blood flow vector more posterolaterally with respect to the apex of the LV. This can lead to significant misalignment of ventricular outflow with the axis of the LVOT causing flow to apply force posterior to rather than anterior to the mitral valve coaptation point. Instead of being pushed away from the LVOT the mitral leaflets can be dragged into and, when conditions are met for the Venturi effect, drawn towards, the intraventricular septum 20, 29, 31, 32 . The submitral valve apparatus and ventricular septal thickening can also cause or be associated with left ventricular systolic outflow obstruction at the mid-ventricular level (MVO) 33, 34 . To exclude ventricular outflow obstruction it is therefore necessary to interrogate flow by PWD starting in the mid left ventricular cavity and advancing the velocity sample box toward the aortic valve. Of note, CWD may miss an area of acceleration when the LV outflow vector is curved which means that care should be taken to interrogate across the area of the outflow tract. SAM is the main cause of LVOTO and a more detailed description follows.
Systolic anterior motion of the mitral valve
At the beginning of a normal ventricular systole, potential energy in the form of pressure increases inside the LV. The aortic valve opens and blood flows down the pressure gradient, which is maintained by left ventricular contraction. The LVOT geometry conducive to a normal or obstructed flow pattern depends on the interaction of several variables in addition to the shape of the ventricular septum. These include the position and orientation of the mitral valve, the proximity of the mitral valve to the ventricular septum, the aortic valve orientation and the angle between the mitralaortic valve planes.
As blood flow increases in the outflow tract any protruding part of the mitral leaflet may be dragged along with blood leaving the ventricle into the outflow tract. Some of the affected mitral leaflet tissue may be pushed across the LVOT to make contact with the ventricular septum, further reducing the LVOT cross-sectional area 31, 35 . Affected tissue will remain in the LVOT throughout that systole causing an obstruction to flow ( Figure 1A) 19, 23, 29 . Significant outflow tract obstruction causes upstream pressure inside the LV to increase and the downstream aortic blood flow to fall. A positive feedback loop is created as systole progresses, as the increasing pressure differential forces more leaflet tissue into the outflow tract. Flow velocity in the LVOT increases as the orifice narrows, however, the volume of blood flowing per unit time falls and systole is prolonged 20 . A spectral Doppler trace placed along the axis of an LVOTO will display the characteristic late peaking, concave flow acceleration curve (Figure 2A) . The earlier in systole that mitral to septal contact occurs, the higher the peak velocity and pressure gradient along the LVOT. A contribution from the Venturi effect may also lift the mitral leaflet away from its normal position and into the LVOT. This becomes more likely as the flow velocity increases, provided that the angle between the axis of the incident blood flow to the flat plane of the affected mitral leaflet(s) is less than 15 degrees 19, 20 . A concurrent combination of these effects can initiate and maintain SAM and LVOTO until ventricular contraction ends and the intraventricular pressure falls. M-mode Doppler can be used to demonstrate this in the parasternal long axis view at the level of the mitral valve ( Figure 4B and C) . The dynamic nature of this mechanism also means that the degree of obstruction can vary quickly as flow geometry may differ from one heart cycle to the next, e.g. as a result of ventilation-induced changes in the intrathoracic pressure. A LVOT gradient above 30 mmHg (2.7 m/s) is considered significantly elevated, becoming severe when it exceeds 50 mmHg (3.5 m/s) 9, 36, 37 . In addition to causing LVOT obstruction, SAM acts to open the mitral valve commissure allowing regurgitation into the left atrium producing the characteristic mitral systolic murmur.
Hypertrophic cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is perhaps the condition most commonly associated with LVOTO. HCM occurs in one in 500 of the general population and is reported to be the commonest cause of sudden death in young athletes 37 . Inheritance approximates an autosomal dominant pattern and is related to missense errors in sarcomere protein coding. HCM is characterised by an increase in myocyte disorganisation from the normal 6% to around 35%. Poorly coordinated contraction may result in compensatory hypertrophy 20, 37 . Hypertrophic obstructive cardiomyopathy (HOCM) occurs when there is a significant LVOT gradient at rest and affects only 25% of HCM patients. Sixty percent of the remainder can develop a gradient on stress or inotrope provocation 38 . A recent echocardiographic contrast study demonstrated that systolic blood flow pushing the posterior mitral leaflet towards the ventricular septum in hypertrophic cardiomyopathy does contribute to the LVOTO 39 . Conditions mimicking HCM such as Fabry's disease and Friedreich's ataxia may also predispose to the development of an outflow pressure gradient 32 . The importance of left ventricular outflow tract geometry may explain the lack of reports of LVOTO in the apical HCM variant commonly seen in the Japanese population 20 . Surgical correction of thickened septum in HCM may reduce outflow obstruction partly by realigning the outflow vector 23 .
Sigmoid septum
A perhaps less well recognised cause of LVOTO, which may be of more relevance in the older adult intensive care patient is the presence of a 'sigmoid septum'. The term 'sigmoid septum' is used to describe a localised hypertrophy of the basal interventricular septum, where the wall is thicker than 1.4 cm or 50% greater than at the mid septal wall segment. The reported prevalence of sigmoid septum in the general population increases rapidly with age from 0.09% in those aged under 60 years to 17.8% in those aged 85 years and above 40 . As an anatomical component of the LVOT, a sigmoid septum can affect systolic LV blood flow in a manner similar to HCM. The aetiology of sigmoid septum is not entirely clear but systemic hypertension, ageing and an anticlockwise rotation of the native aortic valve may be contributory. Dilatation of the aortic root or rotation of the aortic valve is associated with significant tilting of the ascending aorta to the right resulting in basal ventricular septum bulge. As a result, the mitral valve is positioned closer to the septum and LVOT, making it more likely that systolic blood flow will strike the valve leaflet posterior to the leaflet coaptation point forcing it towards the ventricular septum ( Figures 1A  and 4B, 4C) . A general autopsy series found inherent native aortic valve anticlockwise rotation to be present in 25% of specimens, with the septal angulation more prominent in subjects over the age of 50 years and those with atherosclerosis making them more susceptible to LVOTO [41] [42] [43] [44] .
Compensatory basal septal hyper-contractility following myocardial infarction
Redirection of the systolic outflow vector allowing more blood flow to cross the mitral valve from its posterior aspect may also occur in the presence of regional wall motion abnormality secondary to myocardial ischaemia or infarction with loss of tension in the infarcted wall segments, in association with compensatory hypercontractility of an unaffected basal or mid-ventricular septal segment 20 . Loss of normal ventricular geometry may also affect the tension and position of the mitral valve apparatus making SAM more likely, further contributing to potential for LVOTO obstruction during myocardial ischaemia.
Apical ballooning syndrome (Takotsubo cardiomyopathy)
Outflow obstruction is found in other conditions associated with a relative septal wall thickening such as the apical ballooning syndrome (ABS). Up to 20% of patients with ABS have been found to have LVOTO. Outflow obstruction is thought to be the result of, rather than a cause of ABS 13, 45 . The postulated mechanism of outflow obstruction is ventricular distortion with compensatory basal hypercontractility 10, 18, 46, 47 . SAM has also been reported 13 . Clinically the syndrome resolves with a marked recovery of left ventricular systolic function after an average of 18 days 45, 48 although myocardial structural recovery may take six months or more 49 . The overall mortality associated with ABS is reported to be approximately 2% 45 . Recovery of LV function may be facilitated by beta-blocker treatment that may prevent or reverse LVOTO [50] [51] [52] [53] .
The mitral valve and mitral valve surgery
The mitral valve position within the LV varies in different individuals, as does the planar angle between the mitral and aortic valves and the length of the mitral leaflets. A more anteriorly situated valve with redundant tissue beyond the leaflet coaptation point increases the likelihood of SAM and LVOTO. Measurements made prior to mitral valve repair have found a correlation with preoperative values and an increased likelihood of post-mitral repair SAM. These include the distance between the mitral leaflet coaptation point and the ventricular septum of <2.5 cm, a mitral plane that intersects with an aortic plane at an angle of <120 degrees, an anterior leaflet length >2.0 cm, posterior leaflet length >1.5 cm and an anterior/posterior length ratio of <1.3 18, 35 . Partial or complete native valve preservation improves postoperative left ventricular function and may reduce mortality associated with mitral valve replacement. Residual tissue may however cause obstruction. The incidence of SAM and LVOTO post mitral valve repair is reportedly around 5%-8% initially and may be higher in those patients with a rigid annuloplasty 35, 54, 55 . Most of these patients recover with fluid loading, beta-blockade and time as the ventricle recovers. Very few require corrective surgery. Following mitral valve replacement, obstruction may also occur due to residual native anterior mitral leaflet being dragged into the outflow tract. This is uncommon and may also recover with conservative measures. Rarely it has been reported many years after valve replacement 56 .
Aortic valve surgery
In patients with aortic stenosis the LV is often small and hypertrophied. Aortic valve surgery induces a dramatic decrease in afterload that may further decrease left ventricular volume. The combination of these factors may lead to increased cavity squeezing 57 . Following aortic valve replacement for aortic stenosis an abnormal LV outflow gradient has been reported in 14% of patients. This mostly manifests as a MVO due to cavity squeezing but can occur higher in the outflow tract with SAM. Inotropic stimulation and vasodilators may worsen any pre-existing LVOTO by further unloading the LV 20, 30, [57] [58] [59] [60] .
Right ventricular pressure overload
The presence of right ventricular pressure overload as a contributing factor to LVOTO and SAM has been reported in both animal and human studies 61, 62 and may be underdiagnosed in chronic obstructive pulmonary disease (COPD) patients with poor ultrasound windows. We have encountered a few examples of significant LVOTO and SAM in patients with right ventricular pressure overload during an acute exacerbation of COPD and in acute respiratory distress syndrome. The leftward shift of the interventricular septum in systole due to right ventricular pressure overload has the potential to alter LVOT diameter. The presence of LVH, sigmoid septum and low left ventricular volumes as well as an enhanced contractility due to increased sympathetic tone or the use of sympathomimetic drugs such as salbutamol or adrenaline, may further contribute to LVOTO.
Other common predisposing conditions
The propensity of patients to develop LVOTO is multifactorial and older patients may harbour age-related changes predisposing them to LVOTO occurrence during acute illness. The risk of LVOTO is higher in patients with a prior history of atherosclerosis, arterial hypertension, and poor exercise tolerance, and in females where ABS is more common. The presence of a smaller left ventricular size due to age-related fibrosis is also a consideration for many intensive care patients 40, 41, 63 .
The acute provocation of LVOTO
The effect of the LV geometry on the left ventricular outflow characteristics can change rapidly particularly in those patients with the risk factors described above. Ventricular tachycardia and dyssynchrony (e.g. with ventricular conduction defects) are well known to precipitate SAM and LVOTO in HCM. Some of the known risk factors are more likely to be present in patients admitted to the intensive care unit, especially the elderly.
LVOTO is more likely to be provoked in the presence of reduced preload and afterload and tachyarrhythmia 64 , for example when there is vasodilation and/or intravascular volume deficit 23 . Tachycardia in response to a low volume state reduces ventricular filling time and coronary diastolic filling time 65 . Reduced coronary artery blood flow may induce LVOTO by inducing ischaemic regional wall motion abnormalities and indirectly by reducing myocardial relaxation in patients with coronary artery disease 20 . Increasing contractility for any reason, including the use of inotropes, may provoke LVOTO. Unexpected LVOTO has been reported in sepsis 7, 8, 12 , during intra-aortic balloon pump therapy 21, 47 , perioperatively in the anaesthesia literature 66 , and in the presence of subarachnoid haemorrhage 67 . In postoperative cases, altering epicardial pacing leads from RV to LV has been reported to be a successful treatment strategy 37, 63 . The resolution of atrial fibrillation and tachycardia has been reported to reduce the severity of outflow obstruction 64 .
Conclusion
The emphasis on minimising harm from excess intravenous fluid loading means the risk of LVOTO associated with relative hypovolaemia should be considered in the broad casemix at risk. LVOTO should be considered in any hypotensive critically ill patient with an unexpected failure to respond to inotropes especially the older patient who is likely to have one or more common predisposing factors such as chronic hypertension, ischaemic heart disease, sigmoid septum and recent mitral/ aortic valve surgery.
The occurrence and severity of LVOTO may be transient 14 and the lack of response to inotropic support incorrectly attributed to worsening sepsis or heart failure. Echocardiography is essential to establish the diagnosis. The detection of LVOTO by simple spectral Doppler measurement can easily be repeated in most patients and is within reach of an increasing number of intensive care practitioners who possess echocardiographic skills beyond a basic level.
Once diagnosed, the degree of LVOTO can be reduced by appropriate volume loading and by increasing afterload whilst treating the underlying disease, avoiding positive inotropes and controlling dysrhythmias, especially tachycardia. Betablockade is often used in patients with adequate cardiac reserve, however, use in the critically ill needs to be carefully considered.
